Abstract: A compact design based on high-Q microdisk resonators is proposed for low-power modulation where anti-symmetric operation of two phase shifters leads to significant insertion loss reduction. Operation analysis and design procedure are presented. 
Introduction
Integrated optical modulators are of fundamental elements of optical communication systems. Modulators utilizing high-Q microdisk and microring dielectric cavities could offer advantages of compactness, high sensitivity and low power consumption when compared to those based on Mach-Zehnder interferometers. It has been shown that modulators based on the modulation of coupling between the access waveguide and the microresonator, unlike those in which cavity refractive index or loss is modulated, are not limited by sensitivitybandwidth trade-off [1] . Additionally, Popovic [2] has proposed modulator designs in which energy-efficient distortionless modulation is achieved by keeping the microresonator energy unchanged during device operation. The proposed structure in [2] , however, needs two outputs or a practically complicated coupling modulation scheme for modulators that could be cascaded on a waveguide carrying a set of wavelength-division multiplexed CW carriers. Here, we propose an optical modulator in which large field enhancement of a high-Q microdisk resonator together with a highly over-coupled drop waveguide enable high-efficiency modulation in a simpler and more practical manner. Our design keeps the resonance frequency of the microcavity, as seen by the input bus waveguide, constant thereby leading to continuous flow of input carrier signal to the resonator during modulation and hence significantly decreasing fluctuations in intracavity energy as well as the insertion loss. Fig. 1 (a) shows a tentative design which is essentially an add-drop structure. The lower waveguide, via two pulley-coupling sections, is highly over-coupled to the microdisk and the coupling could be tuned with a phase shifter (PS). A small change in the phase of the phase shifter translates into a large change of the coupling between the drop waveguide and the microdisk and low-power modulation could be achieved. Since changing the phase on the lower waveguide creates a second path for the circulation of the optical wave, it is expected that the operation of the phase shifter will effectively change the resonance frequency of the microdisk seen by the input bus waveguide leading to increased insertion loss. The lower left part of Fig. 1(b) shows a fabricated structure in SOI platform with phase shifter implemented by metal pads. The curve in Fig. 1(b) shows thru port output of the device when no current is applied to the metal pad (blue) and also with 7.3 mW of power applied to it (red). A resonance shift of ~17pm is observed. In Fig. 1(c) , low-power (0.05 phase shift) time-domain simulation of the modulated output with the adverse effect of this resonance frequency shift on the output has been shown.
Design
To address this resonance frequency shift, as illustrated in Fig. 2(a) , a second structure is proposed in which the lower waveguide is coupled to the disk in three segments and two phase shifters (PS1 and PS2) are placed on the lower waveguide. The complex amplitudes of the optical waves in the resonator and the drop waveguide are denoted by and (i = 1 or 2). These complex amplitudes are assumed to be normalized such that their squared magnitudes correspond to the modal power [3] . Because of the geometrical symmetry of the structure, the two pulley coupling portions on the right and left are assumed identical with coupling coefficient 1 , as where is the differential phase shift. Fig. 2(c) shows the time-domain simulation of the modulated output and the reduction of insertion loss is quite noticeable. Fig. 1(c) and Fig. 2(c) both correspond to the same input level and the outputs are normalized by the input CW amplitude. Further details of the analysis and design procedure for the structure of Fig. 2(a) and more on its advantages when compared to the structure shown in Fig. 1(a) would be presented in the talk. (c) Time-domain simulation of the modulated phase (top), intracavity energy (middle) and modulated output (bottom) of the modulator in part (a). Significant improvement is seen compared to the output in Fig. 1(c) .
Conclusion
A compact high-Q microdisk resonator-based modulator design is proposed for energy-efficient optical modulation. Device operation analysis and design procedure has been presented.
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